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e Dark Matter Overview

 The Fermi Large Area Telescope
—The Gamma -ray Sky

 Recent Dark Matter Results
—Lines
— Galactic Center
— Dwarfs

12/04/2014 Andrea Albert (SLAC)




/ﬂ
‘-ﬁ':;‘.ﬁxjmi OUt“ne

deﬂ ray

/ Space Telescope
e Dark Matter Overview

12/04/2014 Andrea Albert (SLAC)



/-1

= — Dark Matter Primer
¢ empas
« Dark Matter clumps in large halos around galaxies _
making up most of their mass e e
— Coma Cluster + Virial Theorem, F. Zwicky (1937) ke
— Galactic Rotation Curves, V. Rubin et al 1980) - I

wwwé4.nau.e M33 rotation curve

« Dark Matter is virtually collisionless and
non-baryonic
— The Bullet Cluster, D. Clowe et al (2006)
— CMB Acoustic Oscillations, Planck (2013)

. . . b ]. T T TTTT T T TTTT T TTTIT
« Weakly Interacting Massive Particle (WIMP, )X a 01
. ) —
— WIMPs may be thermal relics = e | |
) . _ ) S5 10-5 Increasing
e  WIMP in thermal equilibrium in early universe 5 1076 <ov>
-7
* Universe cools enough, amount of DM freezes out S %8—8 \_%___
10-
« Assume weak scale o,,, — observed abundance o0 18 \V“
(~27% of energy density) 2 1073 e
E —14 | llllllll | llllllll I L1
— <OV>,,, ~ 3e-26 cm?/s (0,,, ~ 3 pb) s U ot 10e 100
time——

ned.ipac.caltech.edu ™/T

Andrea Albert (SLAC)
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- — Dark Matter Primer

s 107 "
E 10_4 IHC Cd D
) 10-5 =)
) 5 10 <gv>
: S 10 -
— = 107°
« Assume weak scale o,,, — observed abundance =i \-i—
(~27% of energy density) g 10°% Ngg S -
E 10—14 1 llllllll 1 llllllll L1 ILIL
~ — <ov>_,, ~3e-26 cm3/s (0,,, ~ 3 pb) o 1100 102 100

ned.ipac.caltech.edu ™/T
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‘=5 ermd How to Detect WIMPs

Production
(collider)

Direct
Detection

(underground
detectors)

Indirect

X Detection SM

12/04/2014 Andrea Albert (SLAC)
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- — Gamma-rays firom WIMPs
/ Gammaray ——————————— ’(' p &&\
/SpaceTeleampe —?f Gamma-l"ﬂys
Spectral Line Broad, continuum .
. o
} % W /Z/q

WIMP Dark WIMP Dark

Yu

Matter Particles Matter Particles =
Ecm~100GeV " Ecu~100GeV L
A ,/ ! % WHZ/G e+
0 HO - Neutrinos
Or Z° H° etc \,_‘”u
- - - . - ‘. -\--ﬁ
» Believe the Milky Way sits in a large, spherical N
“halo” or cloud of cold DM (v p,, << C) e
— Expect DM overdensities (subhalos) + a few p/p, d/d

« Largest are the dwarf galaxies Antemater

— Other extra-galactic DM expected too
 e.g. Galaxy Clusters
 WIMPs annihilations (decays) may produce gammas
— Dominant channels -> broad continuum

— Monochromatic channels expected to be rare (loop-su ppressed)

12/04/2014 Andrea Albert (SLAC)
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= Indirect WIMP Signatures
Gammar :,'
/Sn e Teles
What we Intrinsic Particle .
. Astrophysics
observe Properties

I I dN 1l 1 )2
cbX(Enm—@ O T Pt

2
dE 10S 4T my
J-factor — Line of sight
Monochromatic Signal integral over a ROI
~ : o 10°E =
1[12 \\‘ 1 5 :\ N-FW
- Continuum Signal : > ok Binasto = 0.17
& 3 1 &3 S N —— lIsothermal
< o | : e uh cont. NFW (y = 1.3)
T 3 10°E B \:l\
N-"‘."i 10_2 r -:!! 10§ AN \E::\
F E - \\\
104k 3 'E X
3 E X
0.00 o1 T ol AN
= E,?f-m HO 107 10’ ! wr(kpc)

Gustafsson et al. PRL 99.041301
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 The Fermi Large Area Telescope
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- — Fermi Large Area Telescope (LAT)

Gamma ray
S pace Telﬁmpe

 On board the Fermi Gamma-ray Space Telescope
— Launched June 11, 2008 (science mission started Aug . 2008)
* Mission extended at least through 2016

 No consumables
— Orbit re-entry expected ~2026-2044 (depending on so lar activity)
— LAT has triggered on >380 billion events
* Processed >73 billion events (>1 Petabyte!)

Large Area Telescope (LAT)
Observes 20% of the sky at any instant, views entire sky every 3 hrs
20 MeV - 300 GeV - includes unexplored region between 10 - 100 GeV

/

Can go >300 GeV

Gamma-ray Burst Monitor (GBM) Lo
Observes entire unocculted sky N
Detects transients from 8 keV - 40 MeV &h

12/04/2014 10
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O 55 mﬁ F e rm I LAT
¢ empas
Public Data Release: Fermi LAT Collaboration:
All y-ray data made public Y Incident | ~400 Scientific Members,
within 24 hours (usually less) y V' Angle (6)| NASA/DOE & International
Contributions
cem B0 [0 o B

Si-Strip Tracker:
convert y->e*e-
reconstruct y direction
EM v. hadron separation . 1= =

Hodoscopic Csl Calorimeter:
measure y energy

Image EM shower s
EM v. hadron separation Anti-Coincidence Detector:

Charged particle separation

Trigger and Filter:
Reduce data rate from ~10kHz
to 300-500 Hz

12/04/2014 Andrea Albert (SLAC) "
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‘s, ermi Fermi LAT — “ffioomt"wss.“Hzendk”

Gamma ray
5 pace Telﬁmpe

ry Incident

12/04/2014
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\ |
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Radiation Length,
Trays 18 -7

Thick Tungsten - 18%
Radiation Length,
Trays 6 - 3
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Mo Tungsten,
Trays 2-0
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S —— Gamma-ray Event Classes

* Triggered events are dominated by CR background eve  nts
— Need to define additional cuts to get  y-ray rich dataset

* Nested “event classes” for various types of Y ray sources
— Transient: loosest, for transient sources (< 200s )
— Source: moderate, for bright sources (cut in space)
— Clean: tight, for y-ray diffuse
— Ultraclean: tightest, for extragalactic  y rays

M. Ackermann et al (The Fermi LAT Collaboration)
ApJS 203, 4 (2012) arXiv:1206.1896

"__| | T T TTTTTT T T ||||||| T T ||||||| T LU "l__| | T T TTTTIT T T ||||||| T T ||||||| T T 1T "l__| | I I ||||||| T T 1T
a L (a) = Total residual CR » | (b) & Total residual CRs » | (c) = Total residual CRs
“n L — Primary CR protons | | = 1L — Primary CR protons | DA 1L — Primary CR protons |
> F —PrimaryCRe"+e 3§ > f —Primary CRe’ + ¢ > f —Primary CR e’ + ¢

% C —Secondary CRs % C —-Secondary CRs % C —Secondary CRs

) ) g TRGR )

C107f 21071 R C107

€ 1= 1=

3 = =

o) Q Q

@) @) O

X X X

w10?E W10 W10

Source Class
o Resid. BkgRatel, . . 440 A ).l e
10? 10° 10 10° 10° 10° 10°

Reconstructed energy [MeV] Reconstructed energy [MeV] Reconstructed energy [MeV]

Andrea Albert (SLAC)
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ﬂ Fermi LAT Performance
&S5 erml
G-EIF'“TIE Ta
_j Space Teleeiape
°>7REP SOURCE V15 effective area at normal incidence (cos(e) >0.975 P?REF’ SOURCE_ V1 5 effective area at 10 GeV averaged over ¢
| | § | « Require hits in

TKR and CAL —— Total

0.8F—=——, ~~Mostsensitiveto == Front. ...

07 T on-axis events oAk

see also M. Ackermann et al (The Fermi LAT Collabor  ation) AplS 203, 4 (2012) anrXiv1206. 1896
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o
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>

10"

0
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Gammaray
_j Space Telescope

27REP

m?)

(
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o
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>

107 =

/~ i Fermi LAT Performance
‘ESsserml

SOURCE V15 effectlve area at normal incidence (cos(e)
S Total
= ——Front .. g SO o—
- ——Back e

S — Vela Pulsa

> >
Energy dispersion P. D. F.

’ ot ' '
IIIII| 1 1 IIIIII| 1

P7REP_SOURCE_V15 PSF aWI incidence

M. Ackermann et al (The Fermi LAT Collaboration) Ap ApJS 203, 4! (201.2)) arXiv.1206. 1896
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Energy [MeV]
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- Upcoming Developments -- Pd&&ss8 8

¢ empas

¢ Improvements to LAT ':' 3 1 LI | IIIIII 1 LI | IIIIII 1 LI | IIIIII | LI | IIIIII | LILIL

7] ~ : : ' -

performance L : Prelimmary i | .

— Increased energy range ‘g’ %°F I [ I S

. O - p x 1.25 -

— Increased effective area & - ] o .

o 2_— -------------------- I~ AN R e ek e ]

— Improved angular o - J w i TE

. (5] C 4 | =7

resolution < 5 e — O — - L

L - N PBSGUF{CE promtype ]

— Better bkg rejection - ¥ /" | _u_P7SOURCE V6 .

— New event classes e 2"" """"" o S o E

" s x2.3 ! The Fermi-LAT -

« Impacts for DM searches 0.5 I/' _________________ Collaboration =

— Explore new high-mass - o~ i - arXivil303.3514 7

arameter S ace Ul:l -,rllllll 1 L1 IIIIII 1 L1 IIIIII 1 L1 IIIIII 1 1 II_

P P 10° 10° 10* 10°

— Increased flux sensitivity

— Greater sensitivity to
spatially extended sources

— Better handle of
systematics

12/04/2014

Energy [MeV]
——aa>

5 Decades in Energy (3 TeV)

Andrea Albert (SLAC) 16
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 The Fermi Large Area Telescope
—The Gamma -ray Sky

12/04/2014 Andrea Albert (SLAC)
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Daily Gamma-reay S&y

Zernitga

Maorthern Galactic Southern Galactic
Hernizpheare Hermizpheare

2Y—5EP—-2008
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4 year all sky map (E > 1 GeV)

Andrea Albert (SLAC)
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S Fermi LAT Gamma-ragySEkyy

F Gdr"'l'l'l:'l ray 3 '4?;', / e e
,’ 5|‘|.‘u'PTP|-.=~i.L'0|'>E' T —— Q} ’ ¢

Nature has given us a rich and complicated gamma-ra vy sky!

Diffuse

- complex gas structure
- Various CR interactions

\ ' , cSouices & ¥
A Pulsars, AGN, SNR, etc

Galactic Plane

|sotropic - sources + diffuse
- Extragalactic ;

Dark Matter?
- Will be a small piece

Andrea Albert (SLAC)
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Gammaray

/ 5 pace TP|G*:.E(.I|’>°

T

L . FermiLaT i
10° - - - LogParabola fit
—— EGRET (1991-92)
—— EGRET (1993-94)
EGRET reanalysis

{

e ||

E?Flux (MeV cms™)
H
T

o
ApJ, 758, 140 +
wi (2012)

1
10%

10°
Energy (MeV)

Fermi Gamma-reay Ssane Tled esumee Suane

=55, Y mn ’ - ’
= Y One person’s background is another person’s source!

Lunar

Gamma

rays

*CR hitting
surface

*Correlated
w/ solar
activity

1010
101
102

0%

emission modeling

w10
S0
2 g
107
107

107

= - NASA

eAssociated w/ thunderstorms
*Observed by GBM & LAT

March 7, 2012

NASA APOD

The Sun
r'd
-

Solar Flares
*Observed by GBM & LAT

10700 A 0 Fep e G
R rra -
e E2

Supernova
Remnants

25 published SNR +
30 cands in 2FGL

*Multiwavelength
objects

*Require good diffuse

bl
b oers (200 v HEss (2008-Ga)

E* J(E) (GeVim s 'sr)
Y
*

"1 PRD 82, 092004

Pulsars (e g Vela)
Terrestrial Gamma -ray Flashes  *117 Fermi-LAT det. pulsars
*Multiwavelength objects
*PSR J2021+4026 shows
variablilty

Fermi Bubbles

*Unexpected high-energy
«X-class Flare on March 7th, 2012 excess lobes

10° 10 10!
£ (GeV)

h 't‘.eil';g"gébiz‘)jﬁ', T

10"

E? dN/dE (erg s™)

e-e* Energy Spectrum
* LAT can measure e’s too
* board high-energy excess

Pulsar Wind Nebula (e.g. Crab)
15 candidates found by LAT
*Multiwavelength objects

109

%

10%

10%

3
-

E? dN/dE [MeV cm? s sr-1)

3

10°
Energy (MeV)

Star-Forming Galaxies

*L AT has seen 7

ePotential LAT-CTA

synergy

ApJ, 763,71
(2013)

I
Energy (keV)

Gamma-ray Bursts
*35 LAT, 1000+ GBM
*GBM + LAT spectra

PRELIMINARY

e

+++++ FermlSymposmm
= (2012)

o *H;c;—qﬁ "1 M. Ackermann 4t

- EGRET - Sreekumar et al. 1998 +4

CORET - Sang . 2004 +++

Fermi LAT - Abdo et al. 2010
Fermi LAT - 44 month, PRELIMINARY
foreground model A

10? 10° 10° 10° 10°
Energy [MeV]

Extragalactic bkg
*Spectrum from 0.2-410 GeV
Ainsotropy —population info

[ mup sa761-3
MID 548035

—~,

log v Fy[ergs™ em?]

48

Blazars

eLargest population of LAT
known sources

*PKS 1424+240 is harder
than expected
*Multiwavelength objects

lgvLyfergs™]

el
12

log v [H7]

>

Solar System

12/04/2014

Galactic

Andrea Albert (SLAC)

Extragalactic
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@5 ermi Outline

e Recent Dark Matter Results

12/04/2014 Andrea Albert (SLAC)
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= — Galactic Distribution of DM

J Gammaray

Inner galaxy
arXiv: 1308.35

o

Galactic Center:
- Large Statistics
- Complicated by
Astrophysical Sources

DM Clumps in the Halo: |
- Few Astro. Bkg
- Complicated by low
statistics, unknown loc }

arXiv: 1201.2691

arXiv:1002.4415
arXiv: 1202.2856

R Speciral Lines:
Exiragalactic: S : : Gala?“' Ia-tltude‘ e A - Smoking Gun ’
- All galaxies et -~ '(|OO|( Ao above the - . - Small Stat.

- Isotropic

Galdctic plane) et
' ; 1205.2739

arXiv:

1305.5597

.-. -- — - I i ¥

. Galactic longitude

" “(looking, away from

-+ the Galaetic center)-

arxiv:1205.6474 - = e
arXiv:1203.6731

Electrons:
- Good Stats.
- Challenge:
Backgrounds

arXiv: 1109.0521
arXiv:1107.4272

Nearby Galaxies:
- dsSph DM Enriched
- Known location
- Lower Statistics
-Smoking Gun

Milky Way Halo simulated by Taylor & Babul {2005)

All-sky map of DM gamma ray emission [Baltz 2006}

arxiv: 1310.0828
12/04/2014 Andrea Albert (SLAC)
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—— Large Astrophysical Background

Gdr"l'l'l:'l ray

’Pj 5 pace TPI-.hampsh

Milky Way Halo simulated by Taylor & Babul (2005)
All-sky map of DM gamma-ray emission (Baltz 2006)

Andrea Albert (SLAC)

12/04/2014
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@5 ermi Outline

e Recent Dark Matter Results
— Lines

12/04/2014 Andrea Albert (SLAC)
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-, m,, Spectral Lines from WIMP annihilations
/Sn o Telescops ,
Weakly Interacting Massive Particles (WIMPs) area  promising dark
matter candidate

 WIMP annihilations in the Universe may produce gamm  arays
detectable by the Fermi Large Area Telescope (LAT)

o xx—vY, vZ° yH® would produce a narrow feature
— Sharp, distinct spectral feature (“smoking gun”)
— Likely a small branching fraction

« Signal predicted to be small

(b.f. typically ~10 2t0 104) 1¢? : Gustafstson etal. PRL 99:041301, 2007 ! 1

- Inert Higgs doublet model 5 ]
- with particularly large 7 1
0 F predicted lines

g v Z°

10°2F

=
-
X '_',...-
E
H-
z2dN,/ dz
[l Rl
\
|
1
|
|
] |
ot I
-'|| |
I
I
I
I
diual il

10~ -

0.01
xr = E./m yo

Andrea Albert (SLAC)
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/ Space Telescope
830000__HHIHHIHHIHHIHIIHHIHHIHH__E0.3I:H”“| S S o IIH:
S - — P7REP_CLEAN 1 @ - _ .
2 [ — P8R1_CLEAN * Increased 1 E 0258 on axis
@ 25000 acceptance |- € ey .
(0 - 100 GeV MC with P8 18 o.P ?‘e\\“\ E
20000 4 L —+ P8 SOURCE V4 ’
- - 1% - —+ P7REP_SOURCE_V15 .
15000 Preliminary 45 0-15:—
- m Y - =
10000 - 4 < o1 -
5000 4  0.05 -
% RTINS N A T N A A T M OI_IIIIIII Lol Lol Lol n
04 -03 -02 01 0 01 02 03 04 102 10° 10° 10°
(E'-E) E Energy [MeV]

* Improved energy reconstruction in Pass 8

— Energy recon. above ~1 GeV optimized with better mod  eling of calorimeter
shower (e.g. improve handling of gaps between modul es and crystal saturation)

— Increased effective area with equivalent energy res  olution
* Event reconstruction and selection classes are new in P8
— Pass 8 is a new “lens” we can view lines through
* Important check for tentative 133 GeV feature

Andrea Albert (SLAC)
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A Search for Spectral Lines with Pass 8
¢ empas
5.8 year Counts Map
PR i no src masking)
AL o e RION = e e R41 (NFW)
w2l P . - _ .
i 'm e T . ~— %+ R90 (Isothermal)
i Gy A\ N+ R180 (DM Decay)
u !5{]0 |2'u' offs (%u { b é? 3 u\ _Allnu . e -110° ‘-I {{n
f . '\ gl =7 7 /f ; 74 ROI optimization
1se CEE S N motivated by
:. : ; e e Bringmann et al 2012
N NM 7 (arXiv:1203.1312) and
45° Weniger 2012
-60° (arXiv:1204.2797)

-75°

e Search for lines from 200 MeV — 500 GeV using 5.8 yea rs of data
— Maximum likelihood fit with improved energy dispers ion model

« Use same 5 ROIs as 3.7 year search
— Ackerman et al. (The Fermi LAT Col.) PRD 88, 082002 (2013)

« Use P8 CLEAN event selection

— Clean cuts are recommended for faint diffuse emissi on analysis
Andrea Albert (SLAC)
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s, P Search for Spectral Lines with Pass 8

5.8 year Counts Map

v € cntralrebions s @ e\ 6}) 4@2@#

Can fit for “lines” in off-center

Galactic plane to estimate level of 7 i
systematically induced “lines” '

12/04/2014 29




/~ Pass 8 Line Search

Cermi f. . from Galactic Plane Scans
» i T

» There are some common features likely from the effe  ctive area (A )

 Displacement from O is mostly from A 4, while spread is from bkg. modeling

S

» Larger systematic effect with wider windows (since power-law approx. gets worse)
(_U 004 T | |‘ T T T TT] T 3 .I I .J;J' 7 :',";'::_::li .
S g.03E Preliminary PRI
/)] FAS ::';-
= 0.02 CuiryToavst
% Tireri b . . .- ’ - ' ad - . g .® :-‘.‘:ﬂ :.. -
= 00T AURERe™: - % RIS ol & Scan in 31 ROIs per E ,
L% 0 - T ARt Vi f % 4(10 x10° GP boxes)

: 0 250 steps

b L L S
--..‘I . b

-0.01
-0.02
-0.03

Fitted f = n Slg/beff

_ — Average & f  ~ 1/\b.; . .7 .'r. - '}'s';".-.'.
0.04 . =002 ) T }..- ”

t
-0.05 io.SEY windows h q.:
-0.06 ! L ] afSYS > 6f3tat stat
102 10° 10"

Andrea Albert (SLAC) Ey (Mev) 30
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/~ P8 Line Search

/ 8T s,

— Use %£0.5 E, fit windows to optimize at low energies (where syst ematic limited) and high energies
(where statistical limited)

* Include nuisance parameter (n ) for systematically-induced line-like features
— Only detect a significant line if larger than the | ine-like features we see in the control regions
— Introduced method in low-energy line paper (A. Albe rt et al. JCAP10(2014)023)
— Similar technique used to incorporate J-factor unce rtainties dSph analysis
« Can be applied whenever accounting for systematic u ncertainties is important

C(E,d) = (N, +Nys) S(E, E,) + Ny B(E, M) J* Goye

1 -2, /202
_ — SyS sys
) — & |: b Gsys_ e
Sys Sys eff O - / 2]7' ) .
sys Gaussian constraint on ng
\l ............
Nsys IS constrained using 6fsys nSi TS Warning: cartoon,
estimated with control regions f=—"= 2 Doy 0€ Paper forful
b N ot definition
eff sig A. Albert et al.
JCAP10(2014)023

Andrea Albert (SLAC)
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L A— Spectral Line 95% CL UgppelLomtiER 66

* No globally significant lines found

26

17-'"-""-10 E | | IIIIIII | | IIIIIII 1 1 IIIIIII 1 1 IIIIIIE-
mg ~  Einasto 3
G . —— Obs Limit P8 (5.8 yr stat+syst) _
= .07l Expected Limit N
[= 10 =  [_] Expected 68% Containment 3
T : [ ] Expected 95% Containment .
—J | —— Obs Limit P7REP (3.7 yr, stat-only) i

O ) —— Obs Limit P7REP (5.2 yr, stat+syst)
© 10%°E —
o = =
L — -
z | -

A
= -29 = gl F e —
B 10 = =
1030 _
: 1 1 1 L1 111 I 1 1 1 L1 111 I 1 1 1 L1111 I 1 1 1 L1 11 F
10° 10* 10° 10°
12/04/2014 Andrea Albert (SLAC) ITII (ME‘V) 32
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@ ermi Line-like Featiure Near 133 GeY — 3377ywaar

/ 5|‘|1 e Tel SLOpE
P7REP_Clean P8 Clean
> 70 Ty e e e e e 90 = T T T L L J?
& ok (c) P7_REP_CLEANR32D E =133.0GeV :> gog E, = 133.0 GeV E
o ] Ngq = 17.8 evts Npyg = 276.2 evts =G0 70 \ [y, = 2.466 =
v S0F _ _ o go- N, = 16.67 evts (2.02 6) 3
- = s...=330 I, =276 E = =
4@ 40:_ local bkg _:3 505— nbkg = 46033 f= 024 iOOG —i
S 302_ f=0.61 = 0.19 _z“w“‘ 405_ =
T = =% 30= Preliminary =
= =3 20 E
10e- b b = g0 =
_ oE—— : L : L : . . ------ : -. e -________. OE
o 4F o B A
~— — 2 T
. 2— © L] b b
% 0#%@%4_%_%5 0 lr{r{ . rrrr{r,,{.r H { Hf{.r ¢
g Lf 4 T+ - SRR ASRE TR A AR TR XY AN t
4+ . . . . . . . . - - .l. o .'. - .l. S
60 80 100 120 140 160 180 200 22( 40 60 80 100 120 140 160 180 200 220
Ackerman et al. (The Fermi LAT Col.)  peasured energy (GeV) Energy (GeV)

PRD 88, 082002 (2013)

o Same fit parameters as 3.7 year line search (  Ackerman et al. PRD 88, 082002 (2013) )
— Fitsin R3, 3.7 year, %60 fit window

* No strong evidence of 133 GeV Feature in Pass 8
— Lower fractional size and significance
— Energy recon. in P7 vs. P8 changes within expected energy resolution

Andrea Albert (SLAC)
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A— Event Level Investigation Near 133 GeV

Gdr'“TH ray

[Fa
=~
]
o
—]
i
&
o
-]
o

S L 1 g 10°E SRR N e
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« 5.8 year datasets, R3, look at events in both P7TREP  and P8 Clean
* Energy shift from P7REP -> P8 similar near 133 GeV as all event > 20 GeV
— Nothing unique happening at near 133 GeV
— Energy recon. in P7 vs. P8 changes within expected energy resolution
e (gaussian with width ~0.07)
« Slight enhancement near 133 GeV where centroid of en  ergy in CAL near tower edge
— These are tricky events to reconstruct since edges of shower lost in gaps

Andrea Albert (SLAC)
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Gammaray

Line-liike Featiure Niear 133 GeY — 5538yyr

S 140 E, = 133.0 GeV
8 120_ rbkg == 2466
o 100F Ny = 7.27 evts (0.72 o)
L sofE f=0.07 +0.02
o 60 o
§ 40F- Preliminary
W 20
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Residual( o)

L e
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e

- i

- ; i

- * -

Energy (GeV)

12/04/2014

Feature is even smaller in 5.8 year P8 Clean datase
— Consistent with statistical fluctuation in P7 REP 3

Andrea Albert (SLAC)

t

.7 year dataset
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@5 ermi Outline

e Recent Dark Matter Results

— Galactic Center

12/04/2014 Andrea Albert (SLAC)
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e Focus on 15° x 15° region
(~ 1 kpc)

e 1-100 GeV, P7REP Clean,
Front-converting

e 62 months

» Significant fore/background
emission

o Complex diffuse emission from
CR interactions with radiation
fields, gas, etc

* Large density of gamma-ray
sources that are hard to
disentangle from interstellar

Credit: Simona Murgia . emission

« LAT team presented preliminary results on a general characterization
of the gamma-ray emission in this region

— Not a DM -focused search

— Mine is an incomplete, biased summary of a very com  plex analysis
12/04/2014 37
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wss.ermi 1 Ne Galactic Center is Really Complicated!

Gammaray
/ 5 pace Teleampe

e Focus on 15° x 15° region
(~ 1 kpc)

« 1-100 GeV, P7REP Clean,

Front-converting

62 months

iaant fore/background

Large density of ganmrre
sources that are hard to
disentangle from interstellar
Credit: Simona Murgia . emission

 LAT team presented preliminary results on a general characterization
of the gamma-ray emission in this region

— Not a DM -focused search

— Mine is an incomplete, biased summary of a very com  plex analysis
12/04/2014 38
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Gamma ray
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2 models for CR source
distribution

— Pulsars

— OB stars
Use GALPROP to model r°
and IC in Galactocentric rings

— Tune isotropic, Loop | for each
model

— 3FGL held constant for tuning

Fore/Background Tuning Procedure (1)

Pulsars (Yusifov&Kukuk 2004)

I %
Sl v+ OB stars

CR source density |arbitrary units]

0.0 - | | i, | |
{} 5 10 IS M) 25 )
R |kpc]

Tune from outside in excluding GC with 2 procedures

— adjust intensity only

— adjust intensity and spectrum (allow 0 spectrum to be a broken power law (break at

~2GeV) inside local circle)
4 models in total

— CR src = {Pulsar, OB stars}, {tuned intensity, tuned index}

12/04/2014
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- — Fore/Background Tuning Procedure (2)

Gammaray
/ 5 pace Telﬁmpe

Galactocentric ring boundaries.

Ring Revin Rmax Longitude
# [kpe]  [kpe] Range (Full)

1 0 1.5 -10° <1< 10°

1.3 2.5 —1P<l<
3 2.5 3.5 —24° < | < 24°
4 35 B0 _T0° <[ <70"]
5.U ).U —15 =0~

3 : 80 < | <
6 10.0 500 —180<1! < 180°

Cartoon is not to scale

 Tune from outside -> inside excluding GC

« Select regions where the ring we’re trying to const rain dominates

Andrea Albert (SLAC)

12/04/2014 40



#

wss.ermi Modeling the Emission in the 15° x 15° ROI

Gamma ray
5 pace Telﬁmpe

Tuned IntenS|ty Tuned Index

PRELIMINARY PRELIMINARY

Residual maps
from 2-10 GeV for ——
CR Pulsar models

U RBCUED VNN | (KRR

: o A 2L L 6 4 0 358 356 354
Galsctic longituce (deg) Ga 1 ctic longitude (deg)

1
-3 -2 -1 ) 1 2 3

« Separate modeling for each of the 4 fore/background models
— 1.e. point source candidates (TS > 9) in region det  ermined from scratch for each model

e Intensities for m%and IC in innermost ring fit using appropriate pt s rc candidates
— fore/background model assumed is held fixed
— IC emission in GC (ring 1) is larger (~7-30x) than  pre-tuned GALPROP baseline model

» Possibly from higher ISRF and/or higher CR leptoni  ntensities in the GC than
originally assumed

* Only ~4-15x larger when including NFW template (see  next slide)
— 1Y HI component is about ~2x larger with NFW template in fit than without
* An excess peaking around a few GeV isseeninall4  fore/background models

— Morphology & spectrum of excess is strongly depende nt on fore/background model
12/04/2014 41
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Include additional component in fit with an NFW tem plate
— Tried various additional templates, but NFW perform ed best

Spectrum of emission in NFW model strongly dependen ton
fore/background models Andrea Albert (SLAC) ”



]0_5:"""1 — T —————r
: — — broken PL -+= DM 7tr™

o= [ e PL with exp. cutoff ¥ GC excess spectrum with ]
':5 mnim TR RS stat. and corr. syst. errors |
I
Nm 10_6 :_ B k1= T _I ee— E f—
' : -ii__i,iz__E—II — Calore et al 2014 T
[ e I . . ™ o IR R :cE
> 21 o === S,
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- L 2 =L T 3
"‘%-. 10_? I_:l L) ‘ ‘u & ‘I‘h -~ E;
Z - 7 e~ -~
= \
N"Q .‘ .‘ o~

10—8 | :I |

10° 10 10°
EGeV]

 Many groups have found a similar excess in the GC a

rays from DM annihilation

— Expect brightest DM signal from the GC, but modelin

components is tricky

 Regardless of what it is, any new high-energy gamma
— Much more study is needed to better understand the

12/04/2014
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What is Causing this Extra High-enengygy

‘== ermi Ty (2
§ G.-Jr'frnafa:,- EmISSIOn? 1 L

10—‘25

10—‘26 i

10—‘27

[ —— b

T T
® Hooper & Slatyer 2013
I @ Huang+ 2013 e
| ® Daylan+ 2014 5 =N
@ Abazaijan+ 2014 "30 /’_'
B Gordon+ 2014 Pt
o L]

Calore et al 2014 7

10!
my [GeV]

g other astrophysical

-ray source is exciting!

spectrum and morphology

102

nd interpreted as gamma
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/~ What is Causing this Extra High-enengygy

‘s ermi cai
Gy Emission? g22

5 pace Telﬁmpe

1.5
0.32 GeV

0.53 GeV
1.0 GeV

Galactic center fit }
Pic credit: C. Weniger
5t Fermi Symposium

0.5

0.0

E? dN/dE [GeV cm 257 sr!|

Calore et al 2014

1.0

o Calore et al scanned DM template along GP and found  other excesses
— Similar intensities as GC excess, but different spe  ctra

» GC GeV excess story is currently unclear and requir  es much more study
— We do have another independent DM search thatcant est the DM

interpretation of the GeV excess: dwarf spheroidal galaxies

12/04/2014 44



@5 ermi Outline

e Recent Dark Matter Results

— Dwarfs

12/04/2014 Andrea Albert (SLAC)
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Sextans

Ursa Minor
| - Draco
Coma ¢ ‘WI IHérc o
. F=
|

‘ | | |l|.‘\l;|||

Milky Way, el

Caring

(Bullock, Geha, Powell)
Andrea Albert (SLAC)

The Milky Way is
surrounded by small
satellite galaxies

Close to Earth

(25 kpc to 250 kpc)

Luminosities range
from 107 Lo to 103 Lo

Astrophysically
inactive

Most dark matter
dominated objects
known

A.Drlica-Wagner
DPF 2013
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—— J-Factors for Dwarf Galaxies
Gdr"l'l'lafﬂ
5 pace TF'|-\.=“:(.I|'>E'
[ a [ pes)dne)
AQ(p,0) los
20.0 . ; : : .
Segl - .
UMall NI:W d:njlty pr%fg?
05| Wil integrated over 0.5" cone |
Com .
18 dwarf galaxies have
= 190l Bool Dra well-determined J-factors. |
Iﬁ ) SC]
]
L UMal A.Drlica-Wagner DPF 2013
3 18.5} :
= LeolV
) CVnll CVal
s 18.0f " Leol .
- Leoll
17.5} } -
J factors and errors used in P7REP dwarf analysis
Ackerman et al PRD 89, 042001 (2014)
17.04 50 100 150 200 250 300
Distance [kncl
12/04/2014 Andrea Albert (SLAC)
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@ ermi  Pass 8 Improvements Relevant for Dwarfs

5 pace Teleampe
log ,(E/MeV) = [3.250 3.500]
Z '...'...'..'..'.'..'.L _______ !....'....'..!.!.'..'.![ ________ ! -----'---'---'--'--'—'—-'-. _______ '.....'....'..!.!.!.'.'.[ ________ LI GFGL 'M o7
0:"1 - """"""""""""" PS_SOURCE_V4 """"""""" 7]
5 L P —=— PSF class 0 (on-axis 68%) T
O L0Rnaa o T PRl CASS 2 L0N7AXIS 58 )
e e sttt et
c
QJ ___________________________________________________________
I T
k=
o
g 1 o -l . S L IDITITIITITITITITIIIITICITIITITITILIE o i
265 26 255- H5 26017 2557
O GLON GLON
------------------------------------------------------------------------------------------ - T VS | [ I
0.090.120.150.180,210.240,270.300.3: 01 02 03 04 05 06 07 08
Counts Counts
e log,,(E/MeV) = [3.250 3.500] log,,(E/MeV) = [3.250 3,500]
BT I S SFGL NTNE BEL 7] -P.-I_II'II-*IE-‘GL:Z'-‘I
Y R BT B B
102 10° 10°* 10°
Energy [MeV]

Effective area increase by ~25% above 1GeV 265" a0
Angular resolution improved by ~10-15% above 1 GeV  WEETGGeromrmiors ™oee o5 12 15 15 21 20

Point-source sensitivity improved by ~40% for 1-10 GeV

Joint likelihood with all PSFs types improves sensi tivity
by ~15%

— Similar to EDISP type improvement in line analysis

Simulation of region
around dwarf

12/04/2014 Andrea Albert (SLAC) "
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e .cmi Results from Blank Field Control Regions

/- 5|'|.1ce- TPI;ampe
10 . ! .
- ; :|== Simulations (3FGL; +1c}
bb M= 25 GeV : =—— Random ROIs (3FGL; +1x)
—— Random ROIs (2FGL: +10)
| Data=300setsof15 | |
c
o : : : :
E TO L e ...................... _
@
E LO2ZE oo b s e R s ]
=3
U . . .
o3| 2FGL: 2 years, 1873 sources - TESd
3FLG: 4 years, 3033 sources |
Prehmmary j : :
105 ; 7 6 8 10
TS

« Using more extensive point-source catalog (3FGL) mi  tigates some of the
MC-data discrepancy

— Suggests discrepancy in TS distributions from MC an d random sky data
IS due in part to unresolved point sources

12/04/2014 Andrea Albert (SLAC)
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- Combined df§ihis Resulis

102t : :
[| = Fermi-LAT Pass 8 Dwarfs (95% C.L.}

— Ackermann+ 2014 Dwarfs (95% C.L.)
||—— Aleksic+ 2014 MAGIC Segue 1 (95% C.L.)
[| =—- Abramowski+ 2011 H.E.S.5. GC Halo (95% C.L.)

10—23 I

10724

(ov) (em® s71)

10—25

10—26

w2l _
| Preliminary bb
10—28 1 1 I
10° 10t 10?2 103 104
Mass (GeV)

5 years of data in energy range 500 MeV — 500 GeV

» Account for uncertainties in J-factor
— DM distribution determined using observed stellar v

e No DM seen
— Exclude canonical thermal relic cross-section for m
~10 GeV (in bb and tau’s)

12/04/2014 Andrea Albert (SLAC)

Expected sensitivity estimated
from blank sky ROIs

Joint likelihood analysis of 15
dwarf galaxies

elocities

asses less than

50



—— Dwarfs as Check of GC Excess

10—24

Preliminary

— Fermi-LAT Pass BI Dwarfs {95% C.L.)
[|-— Ackermann+ 2012 MW Halo (3 &)
— Ackermann+ 2014 Dwarfs (95% C.L.)
[|— Calore+ 2014 (2 o)

— Daylan+ 2014 (2 o)

— Abazajian+ 2014 (1 o)
Gordon & Macias 2013 (2 o)

=

=
P
i

(ov) (em® s7)

=

o
P
(=]

Rescaled to p,, ,=0.4 GeV cm™* bb

10_2?

10* 10°
Mass (GeV)
 Expect same DM in dwarfs as in GC

— Independent check of DM interpretation of the GeV e  xcess in the GC

* No excess seen in dwarfs, limits are starting to ex  clude some of the DM
signal regions from the GeV excess

— Increased exposure and finding new dwarfs will impr ove limits and help
clear up the situation 51



L — Future DM Sensitivity

10t — —a ———. —a T ]
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10 : ]
- \
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| E | -
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‘s ermi Summary
¢ empas g
* Fermi continues to be an immensely successful missi on (>6 yrs, hope for 10+)

12/04/2014 Andrea Albert (SLAC)

— Unique window to y-ray sky from 20 MeV to >300 GeV)
— Publically available data and analysis tools (http: /lfermi.gsfc.nasa.gov/ssc/)
— Expect more exciting results as continue to observe and study the y-ray sky!

The Fermi LAT team has looked for indirect DM signa  Is using a wide variety of
different methods
— So far no signals have been detected and strong con  straints have been set
* Exclude thermal relic WIMPs below ~100 GeV in b b and tau channels

No spectral lines detected, 133 GeV feature not sig  nificantly present in Pass 8

Evidence for excess in Galactic Center that peaksa  round 2 GeV
— 4 tuned fore/background emission models used

— Spectrum and morphology of excess is strongly depen dent on fore/background
model assumed

* Much more study is needed to better characterize an  d understand this excess

No gamma-ray emission observed from dwarf spheroida | galaxies
— Independent check of DM interpretation of GC excess
 Limits starting to rule out possible DM models of t he GC excess
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‘s, ermi Gamma-ray Acceptance

)

¢ s
i = ¢ P rEE LI | L | L L
b 7= Track Found - F’?SOURCE Class —
- - — Track points info CAL —— P7CLEAN Class .
o 6 Passed On-Board Filter — P7ULTRACLEAN Class —
& -~ — P7TRANSIENT Class .
| A =
o - ~50% y-ray (with found tracks) =
§ 4 retention with Transient ]
- | =
3 e

M. Ackermann et al

(The Fermi LAT 10° 10° 10°* 10°
ApIS 203, 4 2012) Energy [MeV]

arXiv:1206.1896
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7~ Pass 8 Line Search
‘@ss, ermi fs,s from Control Regions
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(14 N - .
A 2D” Line Model with Pass 8

GdF'TH'IETEI L
/ Sp.WCE-TPI-.haiapE- S —

e LI I LI L I LI 1T 171 LI I LI LI 1

o n ]

s %1 —EpisPo .

2 gqf. —EDISP E

o |~ EDISP2 100 GeV MC

— .  — EDISP3 -

o 01 ]

6 B -

= 0.08:— Preliminary _:

E B ]

0.06— —

0.04 =

0.02 -

-%.4 -0.3 -0.2 -0.1 0 0.1 0.2 03

E-E) E
P8 has more event types available with IRFs for eac  h type (E-5)

— Similar to “front” vs. “back” IRFs
 EDISP types select events based on energy recon qua  lity
— 25% quantiles of “Best Energy Prob” as function of energy
— In given energy range, each EDISP type has ~same ac ceptance
e Including EDISP types — ~10-15% improvement to signal sensitivity
— Amount of improvement depends on energy

i . _ _ _ . . ; |
52/04/201f|mllar to Improvement in P/REP gpﬁé}ﬁ%eﬁgﬁéo est Energy Prob bins
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Width of 133 GeV Feature

E,=133.0 GeV
Ngg = 16.3 evis ny, = 277.7 evts
=410 [pg = 2.74
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Energy (GeV)

» Let width scale factor float in fit (while preservi ng shape)

+ 5, =0.3222(95%CL) ATS=94

— Feature in data is much narrower than expected energy resolution (s

12/04/2014
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- Earth Limb Control Dataset

Boresight

 CR interactions in atmosphere
produce secondary vy rays

« Select|0,/>52° so not dominated by
large 0 events

— 0.03% of the 3.7 year observing time
* Negligible celestial “shine through”

12/04/2014 Andrea Albert (SLAC)
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Gammaray

5.8 year P7/TREP_Clean

133 GeV Feature in the Limb with Pass 8
/ Space Taleosope  —

5.8 year P8 Clean
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* Feature still present in limb in Pass 8

— Given small fractional size, would be <1 o in GC

12/04/2014 Andrea Albert (SLAC) 60



@5 ermi General CTA Array Design

S i
Low energies Medium energies High energies
Energy threshold 20-30 GeV 100 GeV - 10 TeV 10 km? area at few TeV
23 m diameter 9.5 to 12 m diameter 4 to 6 m diameter
4 telescopes up to 25 single-mirror telescopes up to 70 telescopes

up to 24 dual-mirror telescopes

Andrea Albert (SLAC) 61
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- CTA Performance
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